Tracheal gas insufflation is known to lower P a CO 2 in larger animal models of respiratory distress syndrome, but its ability to reduce the ventilator pressures and tidal volume needed to achieve an acceptable P a CO 2 has not been examined in small animals using modes of ventilation employed in neonatal intensive care. In this study, the effect of insufflating humidified gas into the lower trachea was examined in a saline lung lavage model of respiratory distress syndrome in rabbits, while the peak airway pressure during conventional pressure-limited ventilation was adjusted to keep the P a CO 2 approximately constant. Tracheal gas insufflation significantly reduced the peak airway pressure required and reduced the delivered tidal volume but did not affect the AaDO 2 . The effects were more marked at a ventilator rate of 30 breaths per minute than at 60 bpm and more during continuous insufflation than when gas was insufflated only during expiration. These results suggest that tracheal gas insufflation may reduce the risk of ventilation-induced lung disease in the newborn. FIGURE 1: The ventilator and gas insufflation circuits showing the positions of the TGI catheter and pressure monitoring catheter in the airway.
Positive pressure ventilation causes acute lung injury in newborn animals 1, 2 as well as adult animals 3, 4 . This lung injury becomes more severe with increasing duration of intermittent positive pressure ventilation (IPPV) and with the height of peak airway pressure 2 . The acute and chronic changes found are histologically similar to those of the adult respiratory distress syndrome (ARDS) 1 and are associated with reduced functional residual capacity and static lung compliance 3 . Large tidal volumes have been shown to injure rat lungs independently of airway pressure during IPPV 5 . Venous return may be impaired and pulmonary vascular resistance increased by high peak airway pressures and large tidal volumes.
In an effort to limit the extent of iatrogenic lung injury in neonates and older infants with acute reversible respiratory failure, various techniques have been used, including permissive hypoventilation, surfactant instillation, high frequency oscillation ventilation (HFOV) and extracorporeal membrane oxygenation (ECMO). There remains a group of patients with respiratory failure in whom HFOV and surfactant instillation fail to achieve better gas exchange than conventional IPPV alone, or who fail to wean from ECMO with conventional IPPV.
Tracheal gas insufflation (TGI) was introduced in the l960s to extend the role of mechanical ventilation in lung disease by reducing deadspace (by flushing the trachea with fresh gas during expiration) 6 . TGI has been shown in mechanically ventilated adult animals and humans to reduce P a CO 2 at any given level of tidal volume and peak airway pressure. Although there has been a case report of the successful use of TGI in weaning two newborns with congenital diaphragmatic hernia from ECMO 7 , there has been no controlled study of the use of TGI in animals as small as human newborns using pressurecontrolled ventilation.
We studied the effect of TGI flow rate on the peak airway pressure which was required to keep the arterial PCO 2 approximately constant, and on ventilation index at high and low ventilator rates in a saline lung lavage model of moderately severe respiratory distress syndrome in rabbits. rabbits (weight 2.37-2.96 kg) were anaesthetized with halothane and oxygen. Tracheostomy was performed. Under fluoroscopic X-ray control, a 3.0-3.5 cuffed endotracheal tube was inserted through the stoma so that the tip was situated 2 cm above the carina and the cuff inflated until no air leak was audible and no air bubbles were visible at the stoma during lung inflation to a pressure of 40 cm H 2 O. A 1.1 mm external diameter end-hole PVC catheter for gas insufflation (the TGI catheter) was passed down through the tracheostomy tube and its tip placed 1 cm above the carina under X-ray control.
Anaesthesia was maintained with intravenous infusions of morphine (50 µg/kg/hour after an IV bolus of 500 µg/kg), thiopentone (10 mg/kg/hour after an IV bolus of 5 mg/kg) and pancuronium (0.2 mg/kg/ hour after an IV bolus of 0.2 mg/kg). Intravenous fluid was given as 5% dextrose in normal saline 5 ml/kg/hour. The rabbit's temperature was controlled with overhead radiant heaters and monitored by a rectal thermistor (YSI-400: Yellow Springs Instruments, Yellow Springs, Ohio). A catheter was inserted into an ear artery for blood pressure monitoring and blood sampling.
The lungs were lavaged with a single aliquot of l0 ml/kg normal saline. This volume was chosen after larger lavage volumes had been found to cause too prolonged instability in lung mechanics and gas exchange for our purpose.
Transcutaneous PCO 2 was measured in the shaved abdominal skin using a FasTrak transcutaneous capnometer (Criticon Inc, Tampa, Fla).
Mechanical Ventilation
The rabbits were ventilated by a Servo 900C ventilator (Siemens Elema AB, Solna, Sweden) in pressure control mode, using a ventilator rate of 30 or 60 breaths per minute, 6.5 cm H 2 O positive endexpiratory pressure and F I O 2 0.6. The peak inspiratory pressure was adjusted to maintain a constant transcutaneous PCO 2 of approximately 40 mmHg. The I:E ratio was 1:2. Gas in the Servo ventilator circuit was humidified using a Fisher and Paykel humdifier (Fisher and Paykel, Auckland, New Zealand), servo-controlled to a temperature of 36.5°C measured at the patient Y-piece. Gas from the same oxygen-air blender which supplied the ventilator passed via a solenoid valve controlled by the ventilator to a rotameter and thence to the TGI catheter via a second Fisher and Paykel humidifier ( Figure 1) . A second ventilator-controlled solenoid valve was placed close to the TGI catheter; both solenoid valves could be set to remain open or to be triggered by the ventilator to close during inspiration, only allowing tracheal gas insufflation during expiration (ETGI).
Airway pressure was measured at the patient Y-piece and at the tracheostomy tube tip (via a 1 mm external diameter catheter passed into the trachea outside the tracheostomy tube) using disposable pressure transducers (Abbott Critical Care Systems, Nth Chicago, Ill.). Inspired and expired tidal volume and expired minute volume were measured by a hotwire flow meter (Neonatal Volume Monitor, Bear Medical Systems, Riverside, Ca), placed between the tracheostomy tube and the patient Y-piece. This device calculates inspiratory and expiratory volumes by integrating flow signals in each direction with respect to time.
The TGI rotameter was calibrated against the hotwire flow meter to deliver flows of 0, 0.15, 0.3 and 0.45 l/kg/min to the insufflation catheter during positive pressure ventilation.
Experimental Procedures
The trachea was lavaged with one aliquot of normal saline 10 ml/kg. After one hour and a 10 minute period of stable transcutaneous PCO 2 , and unchanged ventilator settings, the first set of measurements was made. Subsequently, after each change in ventilator settings, a set of measurements was made after the transcutaneous PCO 2 had been stable for 20 minutes. Each set of measurements consisted of peak inspiratory pressure and endexpiratory pressure (each measured at the patient Y-piece and at the tracheal tube tip); inspired tidal volume (VT I ), expired tidal volume (VT E ) and expired minute volume (V E ), rectal temperature, heart rate and mean blood pressure. Arterial blood samples were taken and stored on ice until PO 2 and PCO 2 were measured within 90 minutes using an automated analyser (ABL 510, Radiometer, Copenhagen). All values shown in RESULTS (below) were obtained from arterial blood samples, not from transcutaneous PCO 2 . Each rabbit was studied at ventilator rates of 30 and 60 breaths per minute; these rates were allocated to each rabbit in random order. At each ventilator rate, each rabbit was studied at TGI flow rates of 0.15, 0.3 and 0.45 l/kg/min in random order. At each flow rate, each rabbit was studied during TGI and ETGI ( in random order). At the beginning and end of the studies at each ventilator rate, rabbits were studied at zero TGI flow: these two measurements were averaged to allow for changes in the rabbit's lung during the experiment.
As the blood volume of the rabbit is too small to permit sufficiently frequent blood sampling to control the P a CO 2 tightly in a prolonged experiment with multiple changes of ventilator settings, we examined the effect of TGI flow rate on ventilation index (VI) 8 . This index compensates for the inverse relationship between P a CO 2 and alveolar ventilation and is defined as: VI= respiratory rate (RR) x peak inspiratory pressure (PIP) x P a CO 2 ÷ 1000
Since PIP was measured both at the tip of the endotracheal tube (PIPT) and at the patient Y-piece (PIPY), two values of VI were calculated:
VIT =RR x PIPT x P a CO 2 ÷ 1000 and VIY =RR x PIPY x P a CO 2 ÷ 1000 Alveolar arterial oxygen difference was calculated from the alveolar gas equation, assuming the body temperature to be 37°C (at which temperature the saturation vapour pressure of water is 47 mmHg).
The respiratory quotient ( R ) of the anaesthetized rabbit has been shown 9 to be approximately 1.0.
Substituting R=1: P A O 2 = P I O 2 -P A CO 2 Also: P I O 2 = F I O 2 x (PB-47) (F I O 2 was maintained at 0.6 in all cases).
The delivered tidal volume (VTD) was defined as the volume of gas delivered to the lungs during the inspiratory phase of each ventilator cycle. This is equal to the sum of the ventilator tidal volume and that part of the TGI flow which is insufflated during the inspiratory time. Since the expired minute volume (V E ) was equal to the minute volume delivered by the ventilator plus the total TGI flow, the delivered tidal volume was calculated by subtracting the TGI flow during the expiratory phase from the V E and dividing by the respiratory rate. VTD = (V E -(TGI (l/min) x (Expiratory time as a fraction of ventilator cycle time)) ÷ respiratory rate.
That is:
where T insp and T exp are the ventilator inspiratory time and expiratory time respectively, rr is the respiratory rate and the coefficient 1000 is to convert litres to ml.
Statistics
Analysis of variance for repeated measures was used to assess the effects of TGI flow rate and P a CO 2 on VI, PIP and VTD and to compare the effect of TGI with that of ETGI on VI, PIP, VTD and AaDO 2 10 .
RESULTS
Although the transcutaneous PCO 2 was kept constant during each experiment, there was some variation in arterial PCO 2 . The maximum deviation from baseline P a CO 2 in any animal was 11.4 mmHg and the coefficient of variation within each animal was 0.07-0.12 (Tables 1 and 2) .
There was a significant inverse relationship between P a CO 2 and peak inspiratory pressure measured both within the trachea and at the patient Y-piece (P<0.001 in both cases) but there was no relationship between P a CO 2 and ventilation index.
When the peak inspiratory pressure was adjusted to keep transcutaneous PCO 2 constant at each level of TGI and ETGI flow rate, the effects of continuous tracheal gas insufflation (TGI) were: (1) Peak airway pressure measured in the trachea (PIPT) and ventilation index calculated from peak airway pressure measured in the trachea decreased significantly (P = 0.009 and P = 0.002 respectively) when the ventilator rate was 30 but did not change significantly when the rate was 60 (P =0.063 and P = 0.079 respectively) (Figures 2  and 3 , Table 1 ). There was a significant difference between flow = 0 and a flow of 0.15 l/kg/min but no further significant reduction in VI with higher flows. (2) Delivered tidal volume (VTD) could be significantly reduced (P<0.001) during TGI ( Figure 6 , Table 2 ). (3) Neither TGI nor ETGI had a significant effect on AaDO 2 at either ventilator rate (Table 1) 
. (4) Differences between TGI and ETGI:
(a) At a ventilator rate of 30/min, ventilation index and peak tracheal pressure (PIPT) were significantly lower during TGI (ANOVA P=0.037 and 0.033 respectively) than during ETGI. These differences were not apparent at a ventilator rate of 60/min, nor when airway pressure was measured at the Y-piece (PIPY) (Figs 4 and 5, Table 2 ). (b) VTD declined significantly more rapidly as TGI flow increased during ETGI than during TGI (P=0.031). This effect was more marked at the higher ventilator rate ( Figure 6 , Table 2 ). was no statistically significant reduction during TGI at the higher ventilator rate. When airway pressure was measured at the Y-piece, PIP and ventilation index decreased significantly at low ventilator rates (P=0.037 and P<.001 respectively) and at high ventilator rates (P=0.043 and P=0.02 respectively) ( Table 1, Figures 2 and 3 ). (b) TGI allowed VTD to be reduced at both ventilator rates (Table 1, Figure 6 ).
DISCUSSION
The major finding of this study was that at low ventilator rates (30 breaths per minute), the same P a CO 2 could be maintained by applying lower peak airway pressures during TGI than during IPPV alone. This finding is consistent with the observation of other groups that at a fixed PIP, P a CO 2 is lower during TGI than during IPPV alone 11, 12 . Sznajder et al showed in l989 in dogs with oleic acid-induced pulmonary oedema that when P a CO 2 was kept approximately constant, tidal volume could be reduced from 437 to 184 ml during tracheal insufflation of 1.6 l/kg/min 13 .
Effect of Ventilator Rate
It might be expected that at higher ventilator rates, when the time available for expiratory flushing of deadspace is limited, high TGI flowrates may be needed to enhance removal of CO 2 14 . However in the range of flowrates which we studied, there was no trend to increase CO 2 removal or lower PIP as TGI flowrate increased when the ventilator rate was 60/minute. The enhancement of CO 2 excretion may be due to turbulent mixing of CO 2 -laden deadspace gas with fresh TGI gas with consequent dilution of the CO 2 in deadspace gas, or to movement of a "plug" of CO 2laden deadspace gas out of the trachea/ET tube, moved upward from below by a flow of fresh TGI gas 15, 16 . The process appears to be time-dependent, in that reduction in PIPT and ventilation index at constant P a CO 2 was greater at a respiratory rate of 30 than at a rate of 60 in our study.
During exhalation, a fraction of the alveolar gas (V ED ) comes to occupy the deadspace at endexpiration, while a further fraction of alveolar gas passes to the patient Y-piece and is eliminated (V EE ). As exhalation proceeds, the bolus of gas comprising V EE moves up the trachea from the major bronchi, followed by the V ED . During TGI, as each ml of alveolar gas passes the TGI catheter, it is diluted by fresh TGI gas. Since the V EE fraction of alveolar gas will be eliminated and not rebreathed, any TGI gas which forms part of V EE takes no part in the dilution of deadspace CO 2 , and is wasted as far as V D reduction is concerned. The part of TGI gas which enters V EE is that flowing during late inspiration and early expiration. It has been pointed out that the most effective portion of TGI flow is that which enters the trachea after expiratory flow has ceased 16, 17 .
Fresh TGI gas flowing late in the expiratory phase, when expiratory gas movement has ceased (socalled "expiratory diastole" 16 ) displaces some CO 2containing gas from V ED into V EE leaving the CO 2 in the remaining V ED more dilute. At higher ventilator rates, the "expiratory diastole" is shorter and the opportunity for TGI to convert V ED into V EE is less.
In mechanical ventilation of neonates with lung conditions such as hyaline membrane disease in which respiratory system elastance is high, ventilator rates of 60/min or more are frequently used 18 . If TGI is employed in an attempt to reduce airway pressure and tidal volume requirements in a newborn with hyaline membrane disease, it would be necessary to use a slower ventilator rate (e.g. 30-40/min). Without TGI, the use of slower ventilator rates may entail the use of longer inspiratory times. It has been suggested that this pattern of ventilation may entail greater risks of mortality and pneumothorax than IPPV with higher rates and shorter inspiratory times though this is unproven 19, 20, 21 . The lower airway pressures and tidal volumes used with TGI may reduce these risks. The efficacy of TGI in neonatal lung disease will only be determined by randomized controlled trials in human newborns.
Effect of TGI Flow Rate
In our study, as TGI flowrate increased, PIP could be reduced in order to keep P a CO 2 constant. A plateau was reached at a TGI flow of 0.15 l/kg/min, beyond which no further statistically significant decline in ventilation index or PIP occurred (Table 1) . Other investigators have found that the rate of decrease of P a CO 2 falls as TGI flow rate increases 12, 22 although some decrement in P a CO 2 is still found at flows of 0.6 l/kg/min 12 . The latter group found that while VD/VT declined more sharply at TGI flows above 0.3 l/kg/min, possibly due to increased turbulent mixing in distal airways, this effect was counterbalanced by increased gas trapping due to dynamic auto-PEEP at higher TGI flows 12 . In our study, the maximum TGI flow achievable was 0.45 l/kg/min, as the pressure needed to force gas to flow at higher rates through the 1.1 mm external diameter TGI catheter caused gas leaks from tubing connections and the humidifier chamber. We considered that the use of a larger catheter, which would offer lower resistance to TGI flow, was not justified because of the increased resistance it would pose to gas flow through the 3.0 or 3.5mm internal diameter endotracheal tube.
TGI Versus ETGI
TGI restricted to expiration (ETGI) has been shown to allow a 25% reduction in tidal volume, peak and mean airway pressures when the ETGI was delivered continuously or as a 2-5 Hz pulsed jet 23 . A systematic comparison of continuous flow ETGI with TGI in dogs found that when total tidal volume was kept constant, P a CO 2 and VD/VT ratio were reduced significantly more by TGI than by ETGI 24 .
We found that at a ventilator rate of 30/min, lower PIP could be employed (and ventilation index was significantly lower) during continuous TGI than during ETGI.
The TGI circuit which we employ has two solenoid valves controlled by the Servo ventilator: one between the TGI flow meter and the TGI humidifier, and the second just before the TGI tracheal catheter. The role of the second solenoid valve is to ensure that ETGI flow only occurs during expiration and to eliminate the Windkessel effect of the humidifier. Because of the inertia of gas in the Servo ventilator circuit, expiration of alveolar gas may continue for a short time after the solenoid valve has closed and ETGI flow ceased, but before inspired gas of the next breath enters the tracheostomy tube. This alveolar gas would therefore be undiluted with TGI gas during ETGI but would be diluted during continuous TGI, and may explain the differences in efficacy between the two methods.
Effect on Oxygenation
In subjects with increased total elastance such as infants with pneumonia, hyaline membrane disease or ARDS, it might be expected that a ventilation technique which permits the use of lower tidal volume and peak airway pressure would result in lower lung volumes and increased AaDO 2 due to atelectasis and intrapulmonary shunt. In fact our results show no increase in AaDO 2 with TGI. This may be due to the fairly short duration of each treatment period. The increase in dynamic auto-PEEP with increasing TGI flowrate 12 may also contribute to the maintenance of lung inflation and reduction of AaDO 2 .
Measurement of Tracheal Pressure
During conventional mechanical ventilation, one might expect that airway pressures measured at the patient Y-piece would be higher than tracheal pressure during inspiration and lower than tracheal pressure during expiration due to the flow resistance of the endotracheal tube. During TGI, these differences should be exaggerated, firstly because the presence of the TGI catheter increases ET tube resistance, and secondly because the rate of expiratory flow through the endotracheal tube is increased. At high catheter flows, one might expect a tracheal pressure sensing catheter to detect local reduction in pressure close to the TGI catheter due to a venturi effect, but at the low catheter flowrates used in small infants, this is unlikely to make a significant difference to tracheal pressure. Since tracheal pressure will be much more indicative of alveolar pressure than is Y-piece pressure, tracheal pressure should be monitored during TGI.
In summary, tracheal gas insufflation is a technique which may be useful in allowing the reduction of peak airway pressure and tidal volume in infants who need high pressure ventilation for severe respiratory failure. In such infants it may contribute to avoiding pneumothorax and other barotrauma and to avoiding the need for ECMO. Our study indicates that during pressure-limited ventilation in an animal the same size as a human neonate, TGI allows reduction in tidal volume and peak airway pressure to achieve the same P a CO 2 .
The successful use of TGI has been reported in adults with acute and chronic respiratory failure, both spontaneously breathing and ventilatordependent 11, 16 . TGI has also been used successfully to wean from ECMO two infants with congenital diaphragmatic hernia who had failed weaning from ECMO using conventional ventilation 7 . Before TGI can be recommended for routine use, the adequacy of humidification of TGI gas should be studied and controlled trials of TGI performed in human newborns and older infants with lung disease.
